Constantino J, Hu Y, Lardo AC, Trayanova NA. Mechanistic insight into prolonged electromechanical delay in dyssynchronous heart failure: a computational study. In addition to the left bundle branch block type of electrical activation, there are further remodeling aspects associated with dyssynchronous heart failure (HF) that affect the electromechanical behavior of the heart. Among the most important are altered ventricular structure (both geometry and fiber/sheet orientation), abnormal Ca 2ϩ handling, slowed conduction, and reduced wall stiffness. In dyssynchronous HF, the electromechanical delay (EMD), the time interval between local myocyte depolarization and myofiber shortening onset, is prolonged. However, the contributions of the four major HF remodeling aspects in extending EMD in the dyssynchronous failing heart remain unknown. The goal of this study was to determine the individual and combined contributions of HF-induced remodeling aspects to EMD prolongation. We used MRI-based models of dyssynchronous nonfailing and HF canine electromechanics and constructed additional models in which varying combinations of the four remodeling aspects were represented. A left bundle branch block electrical activation sequence was simulated in all models. The simulation results revealed that deranged Ca 2ϩ handling is the primary culprit in extending EMD in dyssynchronous HF, with the other aspects of remodeling contributing insignificantly. Mechanistically, we found that abnormal Ca 2ϩ handling in dyssynchronous HF slows myofiber shortening velocity at the early-activated septum and depresses both myofiber shortening and stretch rate at the late-activated lateral wall. These changes in myofiber dynamics delay the onset of myofiber shortening, thus giving rise to prolonged EMD in dyssynchronous HF.
cardiac electromechanics; electromechanical modeling; dyssynchronous heart failure HEART FAILURE (HF) is a major cause of morbidity and mortality, contributing significantly to healthcare expenditures. A subset of HF patients exhibit contractile dyssynchrony due to electrical intraventricular delay of the left bundle branch block (LBBB) type. In addition to this altered electrical activation pattern, other detrimental remodeling aspects of HF also contribute to electromechanical dysfunction of the heart and to the dyssynchrony between its electrical and mechanical behavior. Among these are remodeled ventricular structure and fiber/ sheet architecture (14) , slowed electrical conduction (2), deranged Ca 2ϩ handling (40) , and reduced stiffness of the failing myocardium (18) .
The electromechanical delay (EMD), the time interval between the local myocyte depolarization and the onset of myofiber shortening, and its three-dimensional (3-D) distribution are manifestations of the intricate relationship between the electrical and mechanical activity of the heart. Computational (12) and experimental (3, 27, 35) studies have previously shown that the EMD distribution in the nonfailing heart is nonuniform and is dependent on the electrical activation sequence. Recent experimental evidence has demonstrated that in the nonfailing canine heart, the EMD associated with LBBB electrical activation sequence is longer at the late-activated left ventricular (LV) lateral wall compared with that at the earlyactivated septum (34) . Using electromechanical models of nonfailing and HF canine hearts, we demonstrated, in a previous study (9) , that EMD is increased in HF, particularly at the late-activated LV lateral wall during LBBB. Furthermore, we (9) showed that pacing at the region with the longest EMD can maximize the hemodynamic benefit of cardiac resynchronization therapy (CRT), underscoring the importance of understanding the distribution of EMD in dyssynchronous HF. However, it remains unknown how each of the HF remodeling aspects contributes to the prolongation of EMD under the conditions of LBBB. Understanding the specific mechanistic contribution of the different electromechanical remodeling aspects in dyssynchronous HF has important implications for the advancement of HF therapies aiming to better recoordinate the contraction of the heart or increase cardiac contractility. Revealing the mechanisms responsible for HF-induced prolongation in EMD may help guide new strategies that aim to minimize EMD in dyssynchronous HF.
Systematically dissecting out the role of each remodeling component in determining the EMD in dyssynchronous HF cannot be currently achieved by experimentation. Computational modeling of cardiac electromechanics affords an opportunity to conduct such a mechanistic investigation (30, 38) and to reveal the role of individual HF remodeling aspects in prolonging EMD in dyssynchronous HF. In this study, we used MRI-based electromechanical models of dyssynchronous canine nonfailing and HF hearts to determine the individual and combined contributions of the major HF remodeling aspects, i.e., altered ventricular structure, slowed conduction, deranged Ca 2ϩ handling, and decreased stiffness, in extending EMD.
METHODS

MRI-based models of canine electromechanics.
To achieve our goal, we used MRI-based electromechanical models of dyssynchronous (i.e., with LBBB) nonfailing and HF canine hearts. Using the methodology described by Gurev et al. (13) , nonfailing and failing canine ventricular geometries were generated from ex vivo MRI scans of nonfailing and HF canine ventricles, and the fiber and sheet architecture were constructed from ex vivo diffusion tensor (DT) MRI data of the same nonfailing and HF canine ventricles (Fig. 1 ). The original MR and DT MR data are available at http://gforge.icm.jhu. edu/gf/project/dtmri_data_sets/. In HF, the ventricles become dilated and the walls are thinner; moreover, the transmural fiber gradient is increased, and the laminar sheets are oriented more vertically (14) . These changes to the ventricular structure are directly incorporated into the MRI-based dyssynchronous HF canine ventricular model since individual heart MR and DT MR data were used in model reconstruction.
Briefly, the electromechanical model consisted of an electrical component and a mechanical component, which were coupled via intracellular Ca 2ϩ cycling. The mathematical description of the electrical component of the model was governed by the monodomain representation of cardiac tissue. The Luo-Rudy dynamic model (23) was used to represent membrane dynamics. Since the electrical model was used only to calculate activation times (see detailed description below), which served as inputs (local triggers) in the mechanics model, we used a generic mammalian membrane kinetics model to avoid an unnecessary computational load.
The ventricular mechanics component was based on continuum mechanics equations, with the myocardium assumed to be an orthotropic, hyperelastic nearly incompressible material. Myofilament dynamics were based on the model of Rice et al. (32) , which was parameterized for the canine heart by matching data obtained from electromechanical wave imaging, as previously described (29) . Finally, the electromechanical model was coupled to a model of the systemic and pulmonic circulatory systems (20) .
To minimize the electromechanical model computational load, we implemented a weak coupling scheme between electrical and mechanical components, as specified above; the local electrical activation times calculated from the electrical component determined the local time instants when the Ca 2ϩ transient was initiated at the Gaussian points of each mechanical mesh element. In other words, the Ca 2ϩ transient calculation was executed under the mechanics part of the model following activation time inputs from the electrical model. This weak electromechanical coupling scheme has significant advantages over previous weak coupling schemes (21) because it allowed us to model the Ca 2ϩ transient at fast pacing rates and, more importantly, to directly incorporate the changes to the Ca 2ϩ transient to reflect Ca 2ϩ dysresgulation.
Previous studies (3, 7) have suggested that transmural heterogeneities in Ca 2ϩ handling and mechanics do not play a significant role in altering myofiber dynamics and thus in determining the distribution of the EMD. Moreover, no differences in the Ca 2ϩ transient and myo-fiber dynamics across the wall of the canine dyssynchronous failing heart have been reported (8) . Therefore, transmural heterogeneity in Ca 2ϩ handling and myofiber mechanics were not incorporated into the model.
The mechanical mesh was generated using methodology by Gurev et al. (13) , and the computational mesh for the electrical component was constructed using techniques developed by Prassl et al. (26) . Our framework for electromechanical modeling of the ventricles presented here has been used in a range of applications (9, 12, 17, 19, 29) . Further details of our electromechanical model and the numeric approaches can be found in a previous publication (13) .
Incorporating HF remodeling. We incorporated HF remodeling of the electromechanical tissue properties in the MRI-based geometric model of failing canine ventricles, as previously described (9) . Specifically, to model slowed conduction in HF (2), the longitudinal and transverse electrical conductivities in failing ventricles were reduced by 20% from the values used in nonfailing ventricles, with the latter values based on data from Ref. 33 . The reduced stiffness of myocardial tissue from failing hearts (18) was incorporated into the model by decreasing the passive stress scaling constant C in the strain-energy function (39) by 50%. Finally, the peak amplitude and relaxation rate of the Ca 2ϩ transient was reduced to 50% and increased by 30%, respectively, of the values used in the nonfailing ventricular model, to incorporate the deranged Ca 2ϩ handling associated with HF (24). The Ca 2ϩ transients for the nonfailing and failing models are shown in Fig. 2B . The parameters for all modified values are shown in Table 1 .
Following the approach of Kerckhoffs et al. (21) , 14 additional models with different combinations of HF remodeling aspects were constructed to dissect out the distinct role of each HF remodeling aspect as well as their combined contributions in determining the prolongation of EMD in the dyssynchronous HF canine heart. Using the dyssynchronous nonfailing model as a baseline (LBBB with normal conduction, normal Ca 2ϩ handling, normal stiffness, and normal ventricular structure), we created four models in which only one remodeling attribute was included, six models in which a combination of two HF abnormalities was incorporated, and another four models in which a combination of three HF remodeling aspects were represented. In total, 16 simulation conditions were constructed: 1 dyssynchronous nonfailing model, 1 dyssynchronous HF model, and 14 models of dyssynchrony with varying combinations of the HF remodeling aspects. The dyssynchronous nonfailing and full dyssynchronous HF electromechanical models were first validated with experimental data (see RESULTS) before the partial HF remodeling ventricular models were assembled.
Simulating LBBB. To represent LBBB in the nonfailing and full HF models, as well as the 14 models with various combinations of HF remodeling, the right ventricular endocardial surface was stimulated at discrete locations as if the electrical activity was emanating from the activation of the corresponding branch of the Purkinje network, as previously described (9) . The locations and timings were based on experimental data (10, 31, 36) . The pacing basic cycle length was 500 ms.
Data analysis. Fiber strain was calculated throughout the ventricles, and the end-diastolic state was used as the reference state for strain calculations. As previously described (12) , we determined local EMD in the following manner: the time of electrical activation was computed as the instant at which the transmembrane voltage became Ͼ0 mV, and the onset of myofiber shortening was defined as the time instant at which the myofiber shortened to 10% of its maximal value (4, 35) . EMD was calculated as the time interval between the local electrical activation time and the local onset of myofiber shortening, as done in previous experiments (27, 34, 35) , and 3-D distributions of EMD in dyssynchronous nonfailing and HF ventricles were determined. The onset of myofiber shortening, rather than the onset of active tension generation, was used to compute EMD to allow for comparisons between the simulation and experiment.
For all simulations, average EMDs at the septum and lateral wall were determined by calculating EMD at nine locations at the septum and lateral wall at the equatorial level ( Fig. 1C ), as previously described by Russel et al. (34) . This allowed for comparisons between our simulation results and experimental data.
RESULTS
Model validation.
The MRI-based dyssynchronous nonfailing and HF canine electromechanical models were first vali-dated by comparing simulation results with experimental measurements of global electrical and mechanical function. The simulation results, in terms of variables of global electrical and mechanical function, were in very good agreement with experimental results (15, 16, 22, 37) ( Table 2 ). The mechanics components of the dyssynchronous nonfailing and HF canine models were further validated by analyzing the 3-D deformation patterns. Figure 2A shows 3-D distribution maps of fiber strain for the nonfailing and HF ventricular models at end diastole, midsystole, and late systole during LBBB. At midsystole, the septal wall contracted, whereas the LV lateral wall was prestretched, for both nonfailing and HF ventricles. The lateral wall shortened at end systole in both models. These 3-D deformation patterns during LBBB are consistent with those obtained experimentally (6, 22, 28) . Finally, local circumferential strains from the simulations were compared ( Fig. 2B ) with MR tagging experimental data obtained by our team and used in a previously published study (15) ; a description of the methods can be found in the latter article. Figure 2B shows the excellent correspondence between experimental and simulation data.
3-D EMD distributions in nonfailing and HF ventricles. Figure 3 shows 3-D maps of electrical activation (left) and the onset of myofiber shortening (middle) in both short-and long-axis views during LBBB for nonfailing and HF ventricles. In both nonfailing and HF dyssynchronous ventricles, depolarization began at the right ventricular septal and free wall and propagated toward the LV lateral wall. Mechanical activation followed the direction of depolarization; however, the propagation of mechanical activity was slower in the HF model. The total mechanical activation times during LBBB in nonfailing and HF models were 139 and 210 ms, respectively.
The 3-D distributions of EMD in nonfailing and HF dyssynchronous ventricles along the same short and long axes are shown in Fig. 3 , right. In the nonfailing heart, EMD at the late-activated lateral wall was 64% longer than that at the early-activated septum ( Table 2 ). This value is consistent with experimentally obtained EMD values in the canine heart (34) . In dyssynchronous HF, EMD at the lateral wall was 88% greater compared with that at the septum ( Table 2 ). The remodeling associated with dyssynchronous HF resulted in an overall increase in EMD compared with that in nonfailing To understand how each HF remodeling aspect contributes to the prolongation of EMD, we computed EMD in 14 additional models in which different combinations of HF remodeling aspects were included. The simulation results revealed that Ca 2ϩ cycling dysfunction is the primary remodeling characteristic responsible for the extension of EMD in HF. Figure 4 shows electrical (left), mechanical (middle), and EMD (right) maps for the model with only deranged Ca 2ϩ handling, with all other electromechnical aspects being normal. Although the electrical activation sequence was identical to that in nonfailing LBBB ventricles, the mechanical activity was altered such that EMD was prolonged throughout the LV (Fig. 4,  right) . Similar to the full dyssynchronous HF ventricular model, EMD was 10.4 and 13.5 ms longer at the septum and lateral wall, respectively, than those values in nonfailing ventricles (Table 2) . When the results from all models were compared (Table 2) , EMD was significantly greater at the early-activated septum and late-activated lateral wall in all ventricular models in which deranged Ca 2ϩ handling was incorporated, regardless of whether the other HF remodeling components were present in the model or not.
In contrast, reduced stiffness, slowed conduction, and altered ventricular structure (geometry and fiber/sheet orientation) did not play a marked role in altering EMD. The electrical and mechanical activation and EMD distribution maps during LBBB for ventricular models where only reduced stiffness (top), only slowed conduction (middle), or only altered ventricular structure (bottom) were included are shown in Fig. 5 . In the model with reduced stiffness only, electrical and mechanical activation patterns were almost identical to those in dyssynchronous nonfailing ventricles. Accordingly, EMD at the septum was not different from that in nonfailing ventricles and was extended only by 5.8% at the LV lateral wall ( Table 2) . Although incorporating slowed conduction increased the total electrical activation time by 18 ms, EMD and its distribution were not dramatically altered during LBBB; EMD was unchanged at the septum and reduced by only 1.7% at the LV lateral wall (Table 2 ). Finally, EMD was not markedly altered during LBBB in the model with altered ventricular structure. Since the ventricles were larger in this case, the total electrical activation time was longer than that in nonfailing ventricles (143 ms). However, the distribution of EMD was similar to that in the nonfailing case. EMD was not changed at the septum and was extended marginally at the LV lateral wall ( Table 2 ). In all models with any combination of these three HF remodeling aspects (slowed conduction, reduced stiffness, and altered ventricular structure), EMD was not altered at the septum and was only slightly increased at the LV lateral wall. Moreover, when slowed conduction, reduced stiffness, altered ventricular structure, or any combination of these three aspects of HF remodeling were added to the model with Ca 2ϩ handling dysregulation, EMD was altered marginally at the septum (Ͻ2.1 ms) and lateral wall (Ͻ4.5 ms) compared with the model with Ca 2ϩ dysregulation only. These results further demonstrate that the deranged Ca 2ϩ handling was the primary culprit in prolonging EMD in the setting of dyssynchronous HF.
Understanding the local myofiber dynamics that lead to prolonged EMD in dyssynchronous HF. As described above, we demonstrated that changes in electrical conduction did not markedly alter EMD; thus, the prolongation of EMD in HF should be determined by the local myofiber dynamics that precede the onset of myofiber shortening. We then analyzed local myofiber dynamics at the early-activated septum and late-activated LV lateral wall to understand how remodeled Ca 2ϩ handling in dyssynchronous HF alters the myofiber dynamics to give rise to prolonged EMD. We calculated the fiber strain at nine locations in the septum (Fig. 6A, top) and nine locations in the LV lateral wall (Fig. 6A, bottom) . These locations corresponded to the points at which EMD was calculated, as shown in Table 2 . We characterized local myofiber dynamics by computing the amount of local fiber stretch after electrical activation (Fig. 6A, left) , maximal local fiber stretch rate (Fig. 6A, middle) , and peak local myofiber shortening velocity (Fig. 6A, right) . Representative fiber strain traces from the septum and lateral wall for the dyssynchronous nonfailing and dyssynchronous HF models as well as for the model in which only remodeled Ca 2ϩ is included are shown in Fig. 6B .
Since myofibers at the early-activated septum are not markedly prestretched during LBBB activation, the extended EMD, as observed in the dyssynchronous HF model and in the model with Ca 2ϩ dysregulation, had to be primarily due to changes in myofiber shortening. Indeed, in the full HF model and in the model with altered Ca 2ϩ handling, local myofiber shortening was depressed at the septum compared with the nonfailing case ( Fig. 6, A, top right, and B, left) . The reduced shortening velocity delays mechanical activation and therefore increases EMD. The myofibers at the septum in models with only reduced stiffness, slowed conduction, or altered ventricular structure did not exhibit depressed shortening at the septum, thus explaining why EMD was not altered at the septum by these HF remodeling aspects.
In contrast to the septum, the lateral wall is stretched during LBBB activation; thus, any changes to stretch dynamics would also affect EMD. Indeed, the local stretch rate and shortening velocity were both smaller at the late-activated LV lateral wall in dyssynchronous HF ventricles compared with nonfailing ventricles; fiber stretch, however, was not different (Fig. 6, A,  bottom, and B, right) . The reduced stretch rate and shortening velocity impeded the local onset of myofiber shortening and therefore extended EMD in dyssynchronous HF. When we examined local myofiber dynamics at the late-activated LV Table 3 . The short-and long-axes views are the same as those shown in Fig. 2. lateral wall in the models with only one HF remodeling aspect, only the model with deranged Ca 2ϩ handling exhibited both depressed stretch rate and shortening velocity. In the models with only reduced stiffness, only slowed conduction, or only altered ventricular structure, myofibers at the late-activated lateral wall did not exhibit both depressed stretch rate and impaired shortening velocity, as in the HF model and the model with only abnormal Ca 2ϩ handling (Fig. 6A, right and  middle) , explaining why EMD was not markedly increased by these remodeling attributes. These results demonstrate that the changes in myofiber mechanics, which result in markedly increased EMD in dyssynchronous HF (as shown in Fig. 3 and Table 2 ), are primarily caused by the remodeling of Ca 2ϩ handling.
DISCUSSION
Dyssynchronous HF is a syndrome that is characterized by impaired pump function, partly due to the intraventricular delay in the electrical activation sequence. The diminished systolic function in dyssynchronous HF also stems from the deleterious remodeling of the dyssynchronous HF ventricles, from the organ down to the molecular level, all of which affect the electromechanical behavior of the heart. Dyssynchronous HF is associated with marked ventricular chamber dilatation and a reduction in ventricular wall thickness (14) . Moreover, the laminar sheet angle is altered, and the transmural gradient in fiber angle is amplified. Due to the phosphorylation and lateralization of connexin43 (2), conduction velocity is reduced in HF. Because of changes to the ionic currents and remodeling of the Ca 2ϩ machinery (40), the peak amplitude and relaxation rate of the intracellular Ca 2ϩ transient are reduced. Finally, due to concomitant LV dilatation with no changes in the extracellular matrix (18) , the stiffness of the chambers of the failing heart is decreased. Using our imagebased electromechanical model, we (9) have demonstrated that during LBBB, the detrimental remodeling in HF increases EMD throughout the ventricular myocardium. In this study, we aimed to evaluate the individual and combined contributions of these remodeling aspects to prolonging EMD in dyssynchronous HF ventricles. Since there exists no current experimental methodology to achieve this goal, we used ex vivo MRI-based models of dyssynchronous nonfailing and HF cardiac canine ventricular electromechanics. The main findings of this study are as follows:
1. During LBBB, the prolongation of EMD in dyssynchronous HF is primarily attributed to remodeled Ca 2ϩ handling.
2. Slowed conduction, reduced stiffness, and altered ventricular structure do not alter EMD at the septum and extend EMD at the LV lateral wall by Ͻ4 ms.
3. At the septum, remodeled Ca 2ϩ handling slows myofiber shortening, which, in turn, delays mechanical activation, thus increasing EMD.
4. At the LV lateral wall, the reduced stretch rate and impaired myofiber shortening together result in the prolongation of EMD in dyssynchronous HF, both arising from deranged Ca 2ϩ handling. Other remodeling aspects either alter Table 3 . The short-and long-axes views are the same as those shown in Fig. 2. the stretch rate or shortening velocity, but not both. Thus, they do not play a marked role in extending EMD. Mechanisms underlying EMD prolongation. It has been previously shown that the 3-D distribution of EMD is determined by the mechanical interactions between myofibers as well as by the loading conditions of the heart. In a computational model of the rabbit ventricles (12) , we demonstrated that late-activated myofibers are prestretched by the shortening of early-activated regions, which, in turn, delays the onset of myofiber shortening and increases EMD at late-activated myofibers. Recently, Russel et al. (34) found that the rate of rise in applied load (i.e., the rate of increasing LV pressure) affects EMD. The authors demonstrated, in an experimental canine model of LBBB, that the onset of myofiber shortening occurs when the rate at which active force is generated by the myofibers is greater than the rate of rise in applied load. Since the rate of increasing LV pressure is larger at late-activated regions than at early-activated regions, it takes a longer time for late-activated regions to generate active tension at a rate faster than the rate of applied load, thus impeding the onset of myofiber shortening and increasing EMD.
In this study, we demonstrate that the changes in the inherent myocardial properties, i.e., abnormal Ca 2ϩ handling, also play a role in extending EMD. The deranged Ca 2ϩ handling in our model results in an altered active tension development, such that the peak active tension is reduced and the time to peak tension is longer, consistent with experimental findings in isolated myocytes (25) . Therefore, compared with the nonfailing case, HF myofibers develop tension more slowly than nonfailing myofibers, which impairs myofiber shortening and delays shortening onset. This is illustrated by the myofiber dynamics at the septum. Myocytes at the septum are depolarized early in the electrical activation sequence and are contracting when the rate of increasing LV pressure (i.e., the rate of applied load) is low. Therefore, mechanical interactions between myofibers and loading conditions do not affect myofiber shortening dynamics at the septum, and myofiber shortening is only a function of active tension development. Since the rate of active tension development is slower in dyssynchronous HF compared with the nonfailing case, myofiber shortening velocity is depressed; thus, the onset of myofiber shortening at the early-activated septum is delayed in HF compared with nonfailing ventricles, giving rise to increased EMD. At the late-activated lateral wall, the loading conditions and mechanical interactions also play a role in hindering the onset of myofiber shortening; thus, EMD is further extended there.
MRI-based electromechanical model of dyssynchronous HF. The canine model of dyssynchronous HF electromechanics presented here was created using a novel methodology that generates ventricular models directly from images (13) . Therefore, it inherently incorporates the dilatation and wall thinning as well as the changes in fiber/sheet architecture associated with dyssynchronous HF. Furthermore, we used a biophysically detailed representation of myofilament dynamics, which allowed us to incorporate the effect of Ca 2ϩ -handling remodeling on active tension development. Finally, alterations in conduction and stiffness associated with HF are represented, for the first time, in a computational model of dyssynchronous HF canine electromechanics. This MRI-based model of dyssynchronous HF electromechanics was enriched with experimental data that included hemodynamic measurements, ECG metrics, and local mechanical deformation patterns. The model presented here has wide applicability; it can be used in a range of studies that aim to understand the electromechanical activity of dyssynchronous HF ventricles and can serve as a testbed for new therapies and interventions.
Clinical implications. CRT has been shown to reduce morbidity and mortality, yet ϳ30% of dyssynchronous HF patients fail to respond to the therapy (5) . Further improvements in CRT efficacy will require innovative strategies that are rooted in novel insights into the electromechanical behavior of dyssynchronous HF ventricles. A new strategy to optimize CRT may be to minimize EMD by positioning the LV pacing lead near the region characterized with the longest EMD (9) . Pacing near this region in CRT reverses the prolongation of EMD that is due to the loading conditions. The paced region would be activated earlier, and thus the onset of myofiber shortening would not be delayed, reducing EMD at this region and, in turn, improving electromechanical synchrony. The results of the present study suggest that there may be an additive reduction in EMD via reverse remodeling from any CRT. Aiba et al. (1) have shown that CRT partially reverses the remodeling of the Ca 2ϩ -handling machinery induced by dyssynchronous HF. Therefore, the prolongation of EMD that is due to abnormal Ca 2ϩ handling would, to some extent, be eliminated with CRT since Ca 2ϩ handling would be partially restored, further enhancing electromechanical resynchronization.
Limitations. Trabeculations and papillary muscles are not represented in the model. Incorporating these structures could result in additional shortening in the longitudinal direction, which would alter the onset of myofiber shortening and thus EMD. Furthermore, the model used in this study does not incorporate heterogeneous remodeling of Ca 2ϩ handling. Aiba et al. (11) have demonstrated that at the anterior wall in dyssynchronous failing ventricles, the peak of the Ca 2ϩ transient is larger and the relaxation rate is slower than those at the lateral wall. Inclusion of these properties would result in a stronger contraction of the anterior wall, which, in turn, could result in even longer EMD at the lateral wall. However, these limitations are not expected to alter the mechanisms unraveled here that underlie the relation between deranged Ca 2ϩ handling and prolonged EMD. 
